The loss ol imlicrosomal NADH-cytochromlle c reductase activity (EC 1.6.99.3) in cotyledons, knowni to accompanyv germiniation-of PhaseoliLs viulgaris anid thouight to reflect the progress of cvtoplasmic inembranie senescenice, can be simtulated in ani in Vitro systemi iil which isolated nmicrosiomes from 2-day-old tissuie are tLeated with cytosol fractions (microsomial supernatants). Ittactivatiomi of the eniz yme is comparatively low wheni the microsomnes are treated for 4 hours with cytosol fractions from 1-an-d 2-dav-old tissuie, but increases to about 68c' ulpoIn treatLment with a corresponding fraction froni 3-day-old cotyledons. This tenmporal patterni is consistentt with the proniounticed in sitil decline in NADH-cy-tochrome c reductase detectable between the 2nid and 4th days of gerninlationi. Extenisive in vitro in-activationi was also effected by cytosol fractions prepared from older tissue, inclutdinig that harvested after 9 days of germination by which tim-le the cotyledonss -were beginnin-g to abscise.
The metabolic activity of cotyledons is characteristically high during the early stages of germination, but wanes once food reserves have been depleted and senescence of the tissue sets in (2, 5) . There are also indications that cellular membranes of cotyledons lose their functional properties. For example, a membrane fraction from cotyledons of Phaseolus vulgaris, which is enriched in (Na+ -K+)-stimulated ATPase activity (EC 3.6.1.3), has been found to sustain a loss in enzyme activity as well as a corresponding decline in ATP-dependent ion transport capability during germination (6) . This membrane fraction has since been identified as purified plasma membrane (7) . The nature of cytoplasmic membrane senescence has been depicted by moni- toring changes in the activities of microsomal enzymes. For cotyledons of Phaseolus vulgaris functionally discrete microsomal membranes, recognizable by the enzymes they possess, display loss of enzyme activity in distinguishable temporal patterns during the germination sequence (9) . This suggests that membrane senescence in cotyledons is regulated and that all membranes do not deteriorate simultaneously.
In the present study, an attempt has been made to recognize the existence of cytoplasmic factors responsible for mediating membrane senescence by using an in vitro system in which microsomal membranes are treated with isolated cytosol fractions. The effect of such treatment on the membranes has been determined by measuring changes in the activity of NADH-Cyt c reductase (EC 1. 6. 99. 3), an enzyme known to be dependent upon the structural integrity of microsomal membranes for its activity (4) , and to sustain a pronounced loss in activity in situi during germination of Phaseolus l'ulgaris (9, 16) .
MATERIALS AND NIETHODS
Fractionation Procedures. Seeds of Phaseolus i'ulgaris (var. kinghorn) were germinated in moist vermiculite at 29 C under etiolating conditions. Microsomal membranes were routinely isolated fiom 25 g of cotyledons. For this purpose the tissue was homogenized at 4 C in 50 ml of 0.05 M NaHCO3, 0.88 M sucrose, pH 6.8 (homogenizing buffer), with a mortar and pestle. The homogenate was then filtered through four layers of cheesecloth and the filtrate was centrifuged at 10,000g for 20 min. The supernatant was decanted and centrifuged again at 164,900g for 3 hr. The supernatant was again discarded and the resulting pellet of microsomes resuspended in a small volume of homogenizing buffet. This suspension was then either used directly for enzyme assays or diluted further as described below for use in the in litro system. Cytosol fractions (microsomal supernatants) were isolated from several ages of cotyledon tissue spanning the entire germination sequence, and for this purpose 100 cotyledons were homogenized at 4 C in 50 ml of homogenizing buffer with a mortar and pestle Since cotyledon weight decreases with advancing germination, cytosol was isolated from a specific number of cotyledons rather than a constant weight, thus enabling valid comparisons among experiments in which cytosol fractions from various ages of tissue were tested. The homogenate was filtered through cheesecloth and centiifuged exactly as in the procedure for isolating microsomal fractions. The cytosol fraction comprised the supernatant arising from the final centrifugation at 164,900g.
Treatment of Microsomal Membranes with Cytosol Fractions. The final suspension of isolated microsomes was diluted with homogenizing buffer to a protein concentration of 12 mg/ml. This diluted suspension and the isolated cytosol were equilibrated separately to 30 C and then 1 ml of the microsomal suspension was mixed with 11 ml of cytosol fraction in a 50-ml Erlenmeyer CYTOPLASMIC MEMBRANE flask. A 5-ml sample was removed immediately at zero time, diluted with about 8 ml of cold homogenizing buffer, and frozen in dry ice. The remaining suspension was stoppered and incubated for 4 hr in a shaking water bath rotating at 80 rpm and adjusted to 30 C. At the end of this period a further 5-ml sample was removed, diluted, and frozen as specified above.
In some experiments 5-ml samples were also taken at hourly intervals within the 4-hr incubation. In such cases the incubation mixture was prepared by mixing 2.5 ml of microsomal suspension with 27.5 ml of cytosol. In still other experiments the effects of varying the concentration of cytosol protein in the incubation mixture were determined. For these experiments the total soluble protein was kept constant at 20 mg/ml of incubation mixture by adding BSA dissolved in homogenizing buffer to compensate for reduced levels of cytosol protein.
All collected samples were stored frozen overnight and then thawed and centrifuged at 164,900g for 60 min. The supernatants were discarded and the pellets resuspended in 1 ml of homogenizing buffer and used directly for enzyme assays.
Enzyme and Protein Determinations. Rotenone-insensitive NADH-Cyt c reductase (EC 1.6.99.3) of either treated or untreated microsomes was determined as described previously (16) .
The assay mixture contained 0. with NaOH, and approximately 0.1 mg of microsomal protein in a total volume of 3 ml. The reaction was started by addition of the NADH, and the reduction of Cyt c was followed spectrophotometrically as a function of time at 550 nm against a blank which did not contain NADH. Levels of protein were measured using the procedure of Lowry et al. (8) .
RESULTS

In Situ
Changes in Microsomal NADH-Cyt c Reductase Activity. It has been previously reported that both smooth and rough microsomal subfractions from cotyledons of Phaseolus vulgaris lose rotenone-insensitive NADH-Cyt c reductase activity during germination (9, 16) . In the present study we have monitored changes in activity of the same enzyme for whole microsomal fractions (a composite of the rough and smooth subfractions) in order to establish an in situ baseline against which to evaluate results obtained with the in vitro system. From the data in Figure  1 it is clear that the NADH-Cyt c reductase of whole microsomes decreases rapidly between the 2nd and 7th days of germination to less than 10% of its initial activity. By this stage the cotyledons are well into senescence; they have shrunk, display markedly wrinkled exteriors, and have sustained considerable ultrastructural deterioration (12, 15) . Between days 7 and 9 there is a further decrease in activity of the enzyme, although the rate of decrease is less pronounced (Fig. 1) . By day 9 the cotyledons are beginning to abscise. This regression in enzyme activity has been previously interpreted as reflecting cytoplasmic membrane senescence (9, 16) .
In Vitro Simulation of Microsomal Membrane Senescence. In an attempt to simulate cytoplasmic membrane senescence, microsomal membranes from 2-day-old tissue were treated in vitro for 4 hr with cytosol fractions isolated from both young and senescent cotyledons, and the effects of such treatment on the membrane NADH-Cyt c reductase activity were determined. Cytosol fractions from very young cotyledon tissue had relatively little effect on the enzyme activity (Fig. 2) . The difference shown in Figure 2 for cytosol fractions of 1-and 2-day-old tissue is not significant at the 95% level. However, between days 2 and 3 in the germination sequence there was an abrupt and pronounced increase in the ability of isolated cytosol to inactivate the microsomal enzyme. Treatment with 3-day-old cytosol resulted in close to 70%7/, loss of Cyt c reductase activity, and a similar degree of inactivation was incurred when soluble fractions from older tissue up to and including that 9 days of age were used (Fig. 2) . For weight changes with advancing germination. In the experiments with young tissue illustrated in Figure 2 , up to and including that 5 days of age, the ratio of cytosol to membrane in the incubation mixture was essentially equivalent to the corresponding ratio in Vivo, since both microsomes and cytosol were isolated from the same amount of tissue and approximately equal proportions of the total amounts isolated were used in the incubations. This was true despite the fact that membrane was always isolated from 25 g of 2-day-old tissue and cytosol from 100 cotyledons, because this number of cotyledons weighs about 25 g for all ages of tissue up to and including that 5 days of age. Thereafter, cotyledon weight rapidly decreases so that by the 9th day of germination 100 cotyledons weigh only about 7 g. Thus, in the experiments with older tissue illustrated in Figure 2 the ratio of cytosol to membrane was lower. In addition, since for all ages of tissue the total volume of isolated cytosol was not detectably greater than the volume of homogenizing buffer used, it seems reasonable to conclude that the concentration of cytosol components in the in vitro system was markedly less than the concentration in vivo.
In another series of experiments the effects of varying the concentration of cytosol in the incubation mixture were determined. Microsomal membranes from 2-day-old cotyledons were used in conjunction with cytosol fraction isolated from 4-day-old tissue, an age at which this fraction renders essentially maximum inactivation of microsomal NADH-Cyt c reductase in the in vitro system. The concentration of cytosol protein was varied among experiments from 0 to 20 mg/ml of incubation mixture, but the total soluble protein was kept constant at 20 mg/ml by adding BSA as required. This ensured constant protein-induced stabilization of the microsomal membranes as well as a constant level of substrate in the event that the degradation was due to proteolytic activity. In the absence of any cytosol protein the microsomal Cyt c reductase sustained upwards of 45 inactivation despite the presence of albumin (Fig. 3) cytosol protein was present in the incubation mixture at a concentration of 5 mg/ml, inactivation of the membrane Cyt c re-+ ductase was only about 10%j- (Fig. 3) . This suggests that special-/ ized factors, presumably proteins, which are indigenous to the cytoplasm of cotyledon cells, are capable of stabilizing the microsomal membranes. By contrast, higher proportions of cytosol protein in the incubation mixture gave rise to corresponding increases in enzyme inactivation (Fig. 3) .
The time dependence of Cyt c reductase inactivation at various concentrations of cytosol is illustrated in Figure 4 . These experiments were also carried out using microsomes from 2-day-old tissue and cytosol from cotyledons 4 days of age, and again the total soluble piotein concentration was maintained at 20 mg/ml of incubation mixture by adding BSA as required. At each of 5, 10, and 20 mg of cytosol pi-otein/ml the ina tivation increased In a further series of experiments the effects of protease inhibitors on the enzyme-inactivating properties of the cytosol were determined. Proteolytic enzymes can be classified as serine, thiol, metal, or acid proteinases, depending on their mechanism of action (10) . Thiol proteases predominate in plant tissues (10) . However, experiments in which PCMB2 and HgCl2 were included in the incubation mixture proved to be inconclusive because microsomal NADH-Cyt c reductase is itself sensitive to sulfhydiyl inhibitors (Table I ). Other protease inhibitors including TAME, TPCK, TLCK, ovomucoid, N-ethyl-5-phenylisoxazolium-3'-sulfonate, and 2,4 dibromoacetophenone did not noticeably affect the inactivation (Table I) . This was true despite the fact that the higher concentrations of the inhibitors used in this study were 10 to 100 times greater than those shown to effectively inhibit proteases in other systems (1, 13, 14) .
DISCUSSION
Changes in the levels of microsomal enzymes have been used previously as a means of monitoring the progress of cytoplasmic senescence in cotyledon tissue during germination (9, 16) . Studies with mammalian tissues have indicated that microsomal enzymes are highly sensitive indicators of membrane integrity, showing pronounced changes in activity when the membranes of which they are components become altered (3, 4) . It seems reasonable to conclude, therefore, that the attenuation of microsomal NADH-Cyt c reductase in cotyledons during germination reflects a progressive deterioration of cytoplasmic membranes concomitant with cotyledon senescence.
2 Abbreviations: PCMB: p-chloromercuribenzoate; TLCK; N-a-ptosyl-L-lysine chloromethyl ketone HCI; TAME: p-tosyl-L-arginine methyl ester HCI; TPCK: L-l-tosylamide-2-phenylethylchloromethyl ketone.
There are two basic modes by which membrane senescence could be mediated. The deterioration could be the result of an essentially intrinsic process in which the membrane mediates its own breakdown by means of hydrolytic enzymes, such as proteases, which are an integral part of its structure. Indeed, it has been documented that microsomal membranes of pea cotyledons possess innate proteolytic activity (11) . Alternatively, membrane deterioration could be an extrinsic process in which the attrition is mediated by cytoplasmic factors only transiently associating with the membrane. The information provided by the present in vitro study suggests that cytoplasmic membrane senescence in cotyledons of Phaseolus vulgaris is at least partially an extrinsic process. The temporal correlation between the in vitro and in situ inactivations indicates that the former simulates events occurring in the intact cotyledon cells during germination.
The degree of inactivation in the in vitro system proved to be proportional to the cytosol concentration in the incubation mixture, and increased as a function of time at fixed cytosol concentrations. These observations suggest that cytosol factors, possibly hydrolytic enzymes, are mediators of membrane attrition. The most likely enzymatic candidates are proteases. However, attempts to definitively identify proteases as the active principle were undermined by the fact that these enzymes are by nature refractory to heat denaturation (14 Inactivationz of Microsomal NADH-Cyt c Reductase Microsomal membranes and cytosol fractions were isolated from 2-and 4-day-old cotyledons, respectively. The inhibitors were dissolved in distilled water (or ethanol where specified), and 0.1 ml was added to 11 ml of cytosol. The mixture was then equilibrated for 30 min before microsomes were added. For control samples the cytosol was treated with 0.1 ml of solvent. Inactivation of the enzyme for experimental and control samples was scored by expressing the loss in activity after 4 hr of cytosol treatment as a percentage of the activity at zero time. The mean enzyme activity at zero time for the experiments shown was 5.4 A very significant feature of the in vitro inactivation of microsomal NADH-Cyt c reductase, in comparison with its counterpart in situ, is that it occurs much more rapidly. When microsomal membranes from 2-day-old tissue are treated with cytosol fractions from cotyledons ranging from 3 to 9 days of age, inactivations of from 60 to 70% are obtained within 4 hr. The fact that much the same level of inactivation is obtained for each of these ages suggests that the full potential for membrane senescence is present within the cells of cotyledons as early as day 3 of germination. Yet, in the in situ scale of inactivation, a period of 3 days in the germination sequence must lapse before a 70%, inactivation, relative to the activity displayed by microsomes from 2-day-old tissue, has occurred (Fig. 1) . In the in vitro system, the ratio of cytosol to membrane was, at an approximation, equivalent to or less than the corresponding ratio in vivo. The cytosol was substantially diluted in the in vitro system and this would tend to retard its action on the membranes. It seems probable that these experiments underestimate the difference in rates of in vitro and in vivo inactivations. The much more rapid inactivation observed in vitro suggests that the extrinsic agents of membrane senescence are compartmentalized in situ and are released temporally as germination advances. On the other hand, all such agents would be released into a cytosol fraction by reason of the homogenization inherent in its preparation, and this could logically account for the more rapid rate of inactivation observed in the in vitro system. LITERATURE CITED
